We have constructed restriction-site maps of the mtDNAs in 13 species and one subspecies of the Drosophila obscura group. The traditional division of this group into two subgroups (afinis and obscura) does not correspond to the phylogeny of the group, which shows two well-defined clusters (the Nearctic afinis and pseudoobscura subgroups) plus a very heterogeneous set of anciently diverged species (the Palearctic obscura subgroup). The mtDNA of Drosophila exhibits a tendency to evolve toward high A+T values. This leads to a "saturation" effect that ( 1) begets an apparent decrease in the rate of evolution as the time since the divergence of taxa increases and (2) reduces the value that mtDNA restriction analysis has for the phylogenetic reconstruction of Drosophila species that are not closely related.
Introduction
The phylogeny of the Drosophila obscuru group of species has been the subject of numerous investigations. Morphological considerations ( Buzzati-Traverso and Scossiroli 1955) as well as allozyme data (Lakovaara et al. 1972; Marinkovic et al. 1978; Cabrera et al. 1983; Loukas et al. 1984 ) support the existence of two subgroups: the afinis subgroup, which is exclusively Nearctic, and the obscuru subgroup, with both Nearctic and Palearctic species. However, the evidence for a single subdivision into two subgroups is weak, that is, the average genetic distance based on allozyme data is about the same between the uffinis subgroup and the Palearctic obscuru as it is between the Nearctic and the Palearctic obscuru (Lakovaara et al. 1976; Lakovaara and Keranen 1980) . Both restriction analysis of mitochondrial DNA (mtDNA) and DNA-DNA hybridization of single-copy nuclear DNA (Goddard et al. 1990 ) instead support the existence of three subgroups: the Palearctic obscuru (which will be hereafter referred to as the "obscuru subgroup"), the Nearctic obscuru ("pseudoobscuru subgroup") and the Nearctic c&nis ("afinis subgroup"). This triple subdivision is supported by biogeographical considerations that favor the obscuru colonization of the Nearctic region through the Bering Straits (Throckmorton 1975) , as well as by some phylogenetic reconstructions based on allozyme data (Lakovaara and Saura 1982) . A number of African species have recently been described (Tsacas et al. 1985) that, as supported by allozyme data (Cariou et al. 1988) , make up a fourth subgroup, the microlubis.
The mtDNA has been useful in the phylogenetic reconstruction of species that are closely related (for a review of the characteristics of mtDNA that make this molecule FIG. 1 .-mtDNA restriction maps of the 16 haplotypes found in species of the Drosophila obscuru group. The circular genomes have been linearized at a MM-ThuI restriction site common to all haplotypes. The symbols on the left refer to the 13 enzymes used; only those enzymes that yield restriction sites are shown for each particular species. The fragment sizes are given in base pairs (bp); some are estimated by reference to homologous sites in the mtDNA sequences of D. yukuba and D. melunoguster (De Bruijn 1983; Garesse 1988). excellent for this purpose, e.g., see Harrison 1989) , such as species groups of Drosophila. Restriction-fragment comparisons have been used for studying the pseudoobscura subgroup (Hale and Beckenbach 1985) and the obscura group ;
. restriction-map analysis for studying the melanogaster subgroup (Solignac et al. 1986) , the obscura group (Gonzalez et al. 1990) ) and Hawaiian species ( DeSalle and Giddings 1986); and DNA sequencing for studying the melanogaster siblings (Satta et al. 1987) and Hawaiian species (DeSalle et al. 1987) . One outcome of these investigations 'is evidence showing that the advantages of mtDNA for phylogenetic reconstruction decrease as the phylogenetic divergence of the species increases, so that biases appear when fairly divergent taxa are compared. We present here the results of a restriction-map analysis of the mtDNA of 13 species of the D. obscuru group, an analysis that extends our previous mtDNA study of the obscura group ) . We analyze 2 1 strains from 14 different taxa that include the @inis subgroup (five species), the obscura subgroup (five species), and the pseudoobscuru subgroup (three species, one with two subspecies). We use methods for phylogenetic inference that include bootstrap (Felsenstein 1985 (Felsenstein , 1990 ).
Material and Methods

Drosophila Species
We analyze 21 different strains from 13 species and one subspecies of tne D. obscuru group. The geographic origin of these strains and the source whence they were obtained are listed in table 1. Latorre et al. ( 1986) and Afonso et al. ( 1988) ) with some modifications. The procedure yields an enriched fraction of mtDNA that gives well-resolved bands after restriction-enzyme digestion.
Of the 13 restriction endonucleases used (bought from Boehringer Mannheim), 10 (BumHI, EcoRI, HindIII, HpaI, &I, PvuII, SacI, ScaI, XbaI, and XhoI) recognize 6-bp sequences; the other three (HaeIII, HpaII, and MvnI-Thai) recognize 4-bp sequences. The restriction fragments are separated on slab horizontal 0.8%-l .2% agarose gels, with TBE buffer (89 mM Tris-borate, 2 mM EDTA, pH 8 ). After electrophoresis, the gels are stained with ethidium bromide (0.5 ug/ml), and the DNA bands are visualized under UV light. A mixture of lambda phage DNA fragments obtained by single digestion with Hind111 and by double digestion with Hind111 and EcoRI is used as a standard to determine fragment size.
Restriction-site maps are obtained by means of double digests. The homology among fragments of different species is verified by filter hybridization with digoxigeninlabeled probes (DIG DNA labeling kit; Boehringer Mannheim) of several mapped clones of D. yakuba .
Results
The 21 strains analyzed yield 16 different haplotypes, identified by roman numerals in table 1. All 14 taxa have distinctive haplotypes. The two strains of D.p. pseudoobscura and the two strains of D. algonquin have distinctive haplotypes, whereas only one haplotype is identified in each of the other three species represented by more than one strain. Elsewhere we have characterized a number of haplotypes from various subgroup appears in 8 1% of cases; however, none of the nodes connecting the obscurasubgroup species approaches statistical significance.
We have also obtained a maximum-parsimony unrooted tree that uses all the mtDNA restriction data available, including previously published information about the obscura group (Gonz6lez et al. 1990 ). The tree and the results of a bootstrap procedure ( 100 replicates) are similar to those obtained with our data alone: the pseudoobscura and a&is clusters are statistically validated, but none of the obscura nodes is (except for either the closely related pair D. subobscura and D. madeirensis or strains of a given species).
We have used the matrix of cleavage sites to estimate the nucleotide divergence between haplotypes, following the maximum-likelihood procedure suggested by Nei ( 1987, p. 107) . Table 3 shows the fraction of shared sites (see data above the diagonal) and the divergence per nucleotide when a molecular clock is assumed (see data below the diagonal). The means for the nucleotide divergence within and between clusters are given in table 4. The pattern that emerges is similar to the pattern in figure 3. When species are compared within each of the three subgroups, the a&is and pseudoobscura subgroups exhibit low average differentiation, whereas the obscura subgroup is much more heterogeneous. Indeed, the average genetic divergence between species within the obscura subgroup (0.10 1 f 0.0 14) is about the same as that between species mtDNA Phylogeny of Drosophila obscura 629 yakuba . The I I conserved sites are assigned by reference to sequence data (De Bruijn 1983; Clary and Wolstenholme 1985; Garesse 1988) . The 93 variable sites are placed on the gene map on the basis of their relative positions on the restriction maps (see fig. 1 ) . b = BumHI; e = EcoRI; h = HueIII; i = HindIII; j = HpaI; k = HpaII; m = MvnI or Thai; p = MI; s = SacI; t = ScuI; v = PvuII; x = XbuI; and y = XhoI.
have applied the nonparametric test of Templeton ( 1983) ) for which the restriction sites are the units of information. We have not obtained any statistically significant evolutionary-rate difference between any species or clusters of species (data not shown).
Discussion
Our data show that the traditional obscuru-afinis split of the obscuru group does not correspond well with the phylogenetic history of the group, which shows the Nearctic pseudoobscura species as a distinct subgroup, as different from the Palearctic obscuru species as are the species of the D. u&zis subgroup. The two Nearctic subgroups, pseudoobscura and afinis, are well-defined clusters, whereas the Palearctic obscuru subgroup consists of highly divergent species and is polyphyletic. The heterogeneity of the obscuru subgroup has been noted elsewhere (Cabrera et al. 1983; Latorre et al. 1988; Goddard et al. 1990; Gonzalez et al. 1990 ). Indeed, the degree of divergence among many of the obscuru subgroup species is as high as their divergence from the pseudoobscura and the ajinis subgroups. Felsenstein's ( 1990) PHYLIP package, version 3.3. Gains and losses are weighted equally. The numbers on the branches and the scale on the abscissa refer to mutational steps. The numbers in the nodes are the frequency (in percent) with which a cluster appears in a bootstrap test of 100 runs, also implemented in the PHYLIP package. The three species subgroups are labeled on the right. DeSalle et al. ( 1987) have discovered a "saturation effect" by comparing the percent nucleotide divergence between small sequenced regions of mtDNA with the time since the species divergence. It is known, from both sequence data and restrictionsite analysis, that there is a high percentage of bases A+T in the mtDNA of Drosophila species (De Bruijn 1983; Clary and Wolstenholme 1985; Wolstenholme and Clary 1985; DeSalle et al. 1987; Barrio et al. 1988; Garesse 1988 ). It is not known which selection pressures are responsible for this pattern, but it yields a saturation effect that reaches a plateau probably earlier than is the case for nuclear genes or for vertebrate mitochondrial genomes. DeSalle et al. ( 1987) have estimated that the saturation effect has important consequences whenever the compared Drosophila species exhibit >8% nucleotide differentiation, i.e., diverged >20 Mya.
The saturation effect is apparent in the restriction-analysis reconstruction of the phylogeny of the obscura group. Let us assume, first, as a null hypothesis, that there is no saturation effect. We can estimate divergence time by applying to our data (table 3) either one of two evolutionary rates: 1.7% (Caccone et al. 1988) or 0.5% ) sequence divergence per Myr. The time for the divergence of the D. miranda lineage from the other pseudoobscura species would be 0.8 or 2.6 Mya, respectively. These dates are consistent with the postulated association between the Pleistocene glaciations (2 million-20,000 years ago) and Drosophila speciations in temporarily isolated refuges (Dobzhansky and Powell 1975 ) . However, the same rates give 3 or 11 Mya as the time of divergence of the three obscura subgroups. These dates are 29-43 Myr more recent than the timing for the melunoguster-obscuru split, which, on the basis of biogeographic considerations, occurred before the mid-Oligocene (Throckmorton 1975) and, according to molecular data, -40 Mya (Sharp and Li 1984) . The evidence indicates that the divergence of the obscura lineages occurred shortly after the melanogaster-obscura split, in association with the expansion of deciduous forest throughout the Palearctic region during the mid-Oligocene. An early split of the obscura lineages, shortly after the obscura-melanogaster divergence, is also supported by our observation (data not shown) that the melanogaster mtDNA clusters within the obscura group set of lineages. The discrepancy between the mtDNA divergence dates for the obscura subgroups and the dates estimated from other information could be explained by postulating that the evolution of the mtDNA in all obscura lineages virtually stopped between 30 and 2 Mya-something for which no other support exists. A more likely alternative explanation for the discrepancy is the saturation effect described above.
The bias favoring A+T in Drosophila mtDNA not only entails an apparent reduction in evolutionary rate as time becomes remote, but it also diminishes the discriminatory power that mtDNA restriction analysis has for reconstructing the phylogeny of species not closely related. Most restriction enzymes recognize sequences containing at least one G and one C. These bases are not abundant in the mtDNA of Drosophila; they are mainly located in functionally important positions of the rRNA genes and in the first-and second-codon positions of protein-coding genes. The scarcity of G+C entails a low number of restriction sites, such as is typically observed, in the mtDNA of Drosophila. The variability of the restriction sites in protein-coding genes is mainly due to changes in third-base positions, which are biased toward A or T, as has also been shown by codon usage (De Bruijn 1983; Wolstenholme and Clary 1985; Garesse 1988 ) . The bias toward A or T also entails a high degree of homoplasy in the restriction sites shared between phylogenetically distant species.
